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We study the quasi-two-body decays B → PD∗0(2400) → PDpi with P = (pi,K, η, η
′) in the
perturbative QCD factorization approach. The predicted branching fractions for the considered
decays are in the range of 10−9-10−4. The strong Cabibbo-Kobayashi-Maskawa (CKM) suppression
factor RCKM ≈ λ
4(ρ¯2 + η¯2) ≈ 3 × 10−4 results in the great difference of the branching ratios
for the decays with D∗0 and D¯
∗
0 as the intermediate states. The ratio RD¯∗0
0
between the decays
B0 → D¯∗00 K
0
→ D−pi+K0 and B0 → D¯∗00 pi
0
→ D−pi+pi0 is about 0.091+0.003−0.005 , consistent with
the flavour-SU(3) symmetry result. The ratio for the branching fractions is found to be 1.10+0.05−0.02
between B(B0s → D
∗+
0 K
−
→ D0pi+K−) and B(B0 → D∗+0 pi
−
→ D0pi+pi−) and to be 1.03+0.06−0.07
between B(B0s → D¯
∗0
0 K¯
0
→ D−pi+K¯0) and 2B(B0 → D¯∗00 pi
0
→ D−pi+pi0). The predictions in this
work can be tested by the future experiments.
PACS numbers: 13.20.He, 13.25.Hw, 13.30.Eg
I. INTRODUCTION
The strong dynamics contained in the three-body hadronic B meson decays is much more complicated than that
in the two-body cases. There are resonant and nonresonant contributions, final-state interactions [1, 2], and complex
interplay between the weak processes and the low-energy strong interactions [3] in the three-body B meson decays.
The traditional approaches for the two-body decays are no longer satisfactory in the three-body processes [4]. In order
to extract the most information from the experimental data of those three-body processes, different methods have
been adopted abundantly in theoretical works [5]. Three-body hadronic B decays are known, in most cases, to be
dominated by the low-energy scalar, vector, and tensor resonant states. In this situation, for the numerous three-body
B meson processes, it is urgent to study the resonance contributions, which could be handled in the quasi-two-body
framework where the factorization procedure can be applied [4, 6].
The p-wave orbitally excited state D∗0
1, with its jq = 1/2 [7–9] and J
P = 0+ [10], decays rapidly through S-wave
pion emission. It was thought to be the cq¯ state in the traditional quark model [11–13], but the mass observed
in experiments [14, 15] is lower than the quark model predictions. One possible explanation is that the self-energy
hadronic loop could pull down the mass of the heavy scalar [16] supported by [17] within the framework of heavy
meson chiral perturbation theory. The tetraquark structure for D∗0 was investigated in [18] with the help of the
QCD sum rule, and the authors of [18] suggested that the charmed scalar meson D∗00 (2308) observed by the Belle
Collaboration [14] and D
∗0(+)
0 (2405) observed by the FOCUS Collaboration [19] are different resonances. It was
claimed that two poles exist in the D∗0 energy region [20], which has been supported by the lattice QCD analysis [21].
The resonant state D∗0 has also been explained as a mixture of cq¯ and tetraquarks [22] or a meson-meson bound
state [23]. Since the Belle Collaboration’s announcement [14], much work [24–28] has emerged for the two-body
hadronic B decays involving D∗0 .
By studying the three-body hadronic B meson decays involving D∗0 , one could provide the constraint on the unitary
triangle [29–32] and probe the inner structure of the intermediate resonances. In Ref [33], four quasi-two-body decay
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1 For the sake of convenience, we employ D∗0 to denote D
∗
0(2400) in this work.
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FIG. 1: Typical diagrams for the quasi-two-body decays B(s) → PD
∗
0 → PDpi. The diagram (a) for the B → D
∗
0 transition,
and diagram (c) for the B → P transition, as well as the diagrams (b) and (d) for for annihilation contributions. The symbol
⊗ stands for the weak vertex and × denotes possible attachments of hard gluons.
processes involving D∗0 have been studied in the perturbative QCD (PQCD) approach [34–37]. In this work, we
extend the study to the quasi-two-body decays B(s) → PD∗0 → PDpi, with the bachelor particle P which denotes
the light pseudoscalar pi, K, η, or η′. Typical diagrams for the B(s) → PD∗0 → PDpi decays’ processes are shown in
Fig. 1. Inspired by the generalized parton distribution in hard exclusive two pion production [38–41], the two-meson
distribution amplitude was introduced in three-body hadronic B decays in [42, 43] as the universal nonperturbative
input within the PQCD approach. The PQCD approach has been employed in [42–46] for the three-body and
in [47–52] for the quasi-two-body B meson decays. The decay amplitude for a three-body or quasi-two-body B
decay can be expressed as the convolution of the nonperturbative wave function and hard kernel [42, 43, 47]. Taking
B → PD∗0 → PDpi as an example, we have the decay amplitude
A = φB ⊗H ⊗ φP ⊗ φS-waveDpi , (1)
where hard kernel H is calculated at leading order which contains one hard gluon, and the distribution amplitudes
φB , φP and φ
S-wave
Dpi absorb the nonperturbative dynamics in the decay processes.
The layout of this paper is as follows. We give a brief introduction of the theoretical framework in Sec. II. Then
the numerical results, a discussion and conclusions are given in Sec. III and IV. The relevant factorization formulas
for the decay amplitudes are collected in the Appendix.
II. FRAMEWORK
The definitions of the momenta for the B(s) meson, S-wave Dpi system, and the bachelor meson are the same as
those in Ref. [33]. The distribution amplitude and the parameters for the S-wave Dpi system employed in this work
as the same as those in [33]. The wave functions for B(s) and the relevant parameters can be found in [53]. The decay
constants fB0,± = 0.190 GeV for B
0,± and fB0s = 0.230 GeV for B
0
s were adopted from recent lattice QCD updated
results with Nf = 2 + 1 + 1 [54]. The physical states η and η
′ are related to the flavor states ηq and ηs via [55–57]( |η〉
|η′〉
)
=
(
cosφ −sinφ
sinφ cosφ
)( |ηq〉
|ηs〉
)
, (2)
with the decay constants fq = (1.07 ± 0.02)fpi and fs = (1.34 ± 0.06)fpi for ηq and ηs, respectively, and the mixing
angle φ = 39.3◦ ± 1.0◦, which is close to the recent measurement φ = (40.1 ± 1.4stat ± 0.5syst)◦ by the BESIII
Collaboration [58]. The wave functions for the states pi,K, ηq and ηs in this work are written as
ΦP (p, z) =
i√
2Nc
γ5
[
p/ φA(z) +m0φ
P (z) +m0(v/n/− 1)φT (z)
]
, (3)
where m0 is the chiral mass, n = (1, 0,0T ) and v = (0, 1,0T ) are the dimensionless lightlike unit vectors, p and z
are, respectively, the momentum and corresponding momentum fraction of states pi,K, ηq, and ηs. The distribution
amplitudes φA(z), φP (z), φT (z) can be written as [59–62]
φA(z) =
fP
2
√
2Nc
6z(1− z)
[
1 + aP1 C
3/2
1 (2z − 1) + aP2 C3/22 (2z − 1) + aP4 C3/24 (2z − 1)
]
,
φP (z) =
fP
2
√
2Nc
[
1 + (30η3 − 5
2
ρ2P )C
1/2
2 (2z − 1)− 3[η3ω3 +
9
20
ρ2P (1 + 6a
P
2 )]C
1/2
4 (2z − 1)
]
,
φT (z) =
fP
2
√
2Nc
(1− 2z)
[
1 + 6
(
5η3 − 1
2
η3ω3 − 7
20
ρ2P −
3
5
ρ2Pa
P
2
)
(1− 10z + 10z2)
]
, (4)
3where the Gegenbauer moments are a
pi,ηq,s
1 = 0, a
K
1 = 0.06, a
pi,K
2 = 0.25, a
ηq,s
2 = 0.115, a
pi,ηq,s
4 = −0.015, and the
parameters are ρpi = mpi/m
pi
0 , ρK = mK/m
K
0 , ρηq = 2mq/mqq, ρηs = 2ms/mss, η3 = 0.015, ω3 = −3. Where
mq is the mass of the up or down quark, ms is the mass of the strange quark, mqq,ss are related to m
ηq,ηs
0 by
m
ηq
0 = m
2
qq/(mu +md) and m
ηs
0 = m
2
ss/2ms, respectively. We adopt m
pi
0 = (1.4± 0.1) GeV, mK0 = (1.6 ± 0.1) GeV,
m
ηq
0 = 1.07 GeV, and m
ηs
0 = 1.92 GeV in the numerical calculation. The Gegenbauer polynomials are defined as
C
3
2
1 (t) = 3t, C
1
2
2 (t) =
1
2
(3t2 − 1), C
3
2
2 (t) =
3
2
(5t2 − 1),
C
1
2
4 (t) =
1
8
(3 − 30t2 + 35t4), C
3
2
4 (t) =
15
8
(1− 14t2 + 21t4), (5)
where the variable t = 2z − 1.
III. RESULTS
For the numerical calculations, we adopt from [10] the masses and mean lifetimes for the B0,± and B0s mesons, the
pole masses and width for D∗0,±0 , the masses and decay constants for the light pseudoscalar mesons pion and kaon,
and the Wolfenstein parameters as:
mB±,0 = 5.279, mB0s = 5.367, τB0 = 1.520, τB± = 1.638, τB0s = 1.509,
mD∗0
0
= 2.318, mD∗±
0
= 2.351, ΓD∗0
0
= 0.267, ΓD∗±
0
= 0.230, mpi0 = 0.135,
mpi± = 0.140, mK = 0.496, mη = 0.548, mη′ = 0.958, fK = 0.156,
fpi = 0.130, A = 0.836, λ = 0.22453, η¯ = 0.355, ρ¯ = 0.122, (6)
where the masses, decay constants and widths are in units of GeV and lifetimes in units of ps.
By using the decay amplitudes for the decays B(s) → PD∗0 → PDpi in the Appendix and the differential branching
fraction (B), Eq. (13) in [33], we obtain the branching fractions for the decays involving B+ in Table I, the results
for the processes including B0 in Table II, and the values for the B0s decay modes in Table III with the existing
data from [14, 15, 63–67]. The first error of these results in Tables II-III comes from the shape parameters ωB0,± =
0.40± 0.04 GeV for B0,± and ωB0s = 0.5± 0.05 GeV for B0s [53]. The second error comes from the shape parameter
ωDpi = 0.40±0.10 GeV for the Dpi system, and the Gegenbauer moment aDpi = 0.40±0.10 produces the third one [33].
The last one comes from the uncertainty of decay width ΓD∗0
0
= 267 ± 40 MeV or ΓD∗+
0
= 230 ± 17 MeV [10]. We
have neglected the errors induced by the uncertainties of the parameters in the distribution amplitudes of the light
pseudoscalar mesons and the Wolfenstein parameters since they are very small.
TABLE I: PQCD predictions for branching fractions of the quasi-two-body decays B+ → D∗0P → DpiP together with the
available experimental data.
Mode Unit B Data
B+ → D∗00 pi
+ → D+pi−pi+ (10−8) 1.13+0.36−0.26(ωB)
+0.13
−0.14(ωDpi)
+0.03
−0.05(aDpi)
+0.06
−0.05(ΓD∗0
0
) -
B+ → D¯∗00 pi
+ → D−pi+pi+ (10−4) 5.95+2.37−1.64(ωB)
+1.97
−1.55(ωDpi)
+0.54
−0.49(aDpi)
+0.29
−0.21(ΓD∗0
0
) RPP[10]: 6.4± 1.4
Belle[14]: 6.1± 0.6± 0.9± 1.6
BaBar[15]: 6.8± 0.3± 0.4± 2.0
LHCb[63]: 5.78± 0.08± 0.06± 0.09± 0.39
B+ → D∗00 K
+ → D+pi−K+ (10−7) 3.56+1.02−0.78(ωB)
+0.46
−0.52(ωDpi)
+0.09
−0.15(aDpi)
+0.16
−0.12(ΓD∗0
0
) -
B+ → D¯∗00 K
+ → D−pi+K+ (10−5) 4.65+1.89−1.30(ωB)
+1.51
−1.24(ωDpi)
+0.40
−0.38(aDpi)
+0.22
−0.18(ΓD∗0
0
) LHCb[64]: 0.61± 0.19± 0.05± 0.14± 0.04
B+ → D
∗+
0 pi
0 → D0pi+pi0 (10−7) 1.40+0.48−0.34(ωB)
+0.02
−0.01(ωDpi)
+0.01
−0.00(aDpi)
+0.03
−0.02(ΓD∗+
0
) -
B+ → D
∗+
0 K
0 → D0pi+K0 (10−9) 5.52+0.15−0.21(ωB)
+1.73
−1.42(ωDpi)
+0.41
−0.36(aDpi)
+0.13
−0.12(ΓD∗+
0
) -
B+ → D∗+0 η → D
0pi+η (10−8) 6.26+2.11−1.49(ωB)
+0.04
−0.03(ωDpi)
+0.03
−0.02(aDpi)
+0.14
−0.10(ΓD∗+
0
) -
B+ → D
∗+
0 η
′ → D0pi+η′ (10−8) 4.01+1.34−0.96(ωB)
+0.02
−0.03(ωDpi)
+0.02
−0.01(aDpi)
+0.07
−0.06(ΓD∗+
0
) -
The four quasi-two-body decays B+ → D¯∗00 pi+ → D−pi+pi+, B+ → D¯∗00 K+ → D−pi+K+, B0 → D∗−0 pi+ →
D¯0pi−pi+ and B0 → D∗−0 K+ → D¯0pi−K+ have been discussed in Ref. [33]. For completeness, we keep their branching
4TABLE II: PQCD prediction of branching fraction for the quasi-two-body decays B0 → D∗0P → DpiP together with the
available experimental data.
Mode Unit B Data
B0 → D
∗−
0 pi
+ → D¯0pi−pi+ (10−4) 2.85+1.23−0.80(ωB)
+1.05
−0.81(ωDpi)
+0.33
−0.31(aDpi)
+0.06
−0.05(ΓD∗+
0
) RPP[10]: 0.76± 0.08
Belle[65]: 0.60± 0.13± 0.15± 0.22
LHCb[66]: 0.77± 0.05± 0.03± 0.03± 0.04a
LHCb[66]: 0.80± 0.05± 0.08± 0.04± 0.04b
B0 → D
∗+
0 pi
− → D0pi+pi− (10−7) 2.56+0.85−0.65(ωB)
+0.01
−0.02(ωDpi)
+0.02
−0.03(aDpi)
+0.03
−0.06(ΓD∗+
0
) -
B0 → D
∗−
0 K
+ → D¯0pi−K+ (10−5) 2.38+0.95−0.65(ωB)
+0.85
−0.68(ωDpi)
+0.30
−0.28(aDpi)
+0.04
−0.03(ΓD∗+
0
) LHCb[67]: 1.77± 0.26± 0.19± 0.67± 0.20
B0 → D∗00 pi
0 → D+pi−pi0 (10−9) 4.20+1.62−1.07(ωB)
+0.44
−0.48(ωDpi)
+0.09
−0.07(aDpi)
+0.07
−0.12(ΓD∗0
0
) -
B0 → D¯∗00 pi
0 → D−pi+pi0 (10−5) 2.29+0.87−0.61(ωB)
+0.51
−0.43(ωDpi)
+0.09
−0.06(aDpi)
+0.12
−0.04(ΓD∗0
0
) -
B0 → D∗00 K
0 → D+pi−K0 (10−7) 2.69+0.91−0.66(ωB)
+0.30
−0.32(ωDpi)
+0.09
−0.08(aDpi)
+0.12
−0.11(ΓD∗0
0
) -
B0 → D¯∗00 K
0 → D−pi+K0 (10−6) 4.15+1.54−1.09(ωB)
+0.74
−0.72(ωDpi)
+0.03
−0.03(aDpi)
+0.19
−0.14(ΓD∗0
0
) -
B0 → D∗00 η → D
+pi−η (10−9) 2.81+0.78−0.58(ωB)
+0.30
−0.33(ωDpi)
+0.11
−0.14(aDpi)
+0.13
−0.09(ΓD∗0
0
) -
B0 → D∗00 η
′ → D+pi−η′ (10−9) 1.80+0.49−0.37(ωB)
+0.19
−0.21(ωDpi)
+0.07
−0.09(aDpi)
+0.08
−0.06(ΓD∗0
0
) -
B0 → D¯∗00 η → D
−pi+η (10−5) 1.79+0.60−0.41(ωB)
+0.30
−0.28(ωDpi)
+0.07
−0.03(aDpi)
+0.09
−0.06(ΓD∗0
0
) -
B0 → D¯∗00 η
′ → D−pi+η′ (10−5) 1.15+0.38−0.27(ωB)
+0.19
−0.18(ωDpi)
+0.04
−0.02(aDpi)
+0.06
−0.04(ΓD∗0
0
) -
aIsobar model
bK-matrix model
TABLE III: PQCD prediction of branching fraction for the quasi-two-body decays B0s → D
∗
0P → DpiP .
Mode Unit B
B0s → D
∗−
0 pi
+
→ D¯0pi−pi+ (10−7) 2.70+0.29−0.36(ωB)
+0.60
−0.58(ωDpi)
+0.43
−0.31(aDpi)
+0.06
−0.01(ΓD∗+
0
)
B0s → D
∗+
0 pi
−
→ D0pi+pi− (10−9) 2.90+0.08−0.15(ωB)
+0.95
−0.83(ωDpi)
+0.26
−0.23(aDpi)
+0.07
−0.06(ΓD∗+
0
)
B0s → D
∗+
0 K
−
→ D0pi+K− (10−7) 2.82+1.09−0.74(ωB)
+0.02
−0.01(ωDpi)
+0.01
−0.00(aDpi)
+0.06
−0.04(ΓD∗+
0
)
B0s → D
∗0
0 pi
0
→ D+pi−pi0 (10−9) 1.48+0.03−0.04(ωB)
+0.46
−0.42(ωDpi)
+0.12
−0.13(aDpi)
+0.08
−0.07(ΓD∗0
0
)
B0s → D¯
∗0
0 pi
0
→ D−pi+pi0 (10−7) 1.38+0.24−0.19(ωB)
+0.48
−0.33(ωDpi)
+0.22
−0.16(aDpi)
+0.07
−0.04(ΓD∗0
0
)
B0s → D
∗0
0 K¯
0
→ D+pi−K¯0 (10−9) 9.09+3.65−2.38(ωB)
+0.84
−0.95(ωDpi)
+0.38
−0.23(aDpi)
+0.41
−0.31(ΓD∗0
0
)
B0s → D¯
∗0
0 K¯
0
→ D−pi+K¯0 (10−5) 4.70+2.05−1.39(ωB)
+0.76
−0.75(ωDpi)
+0.04
−0.05(aDpi)
+0.21
−0.16(ΓD∗0
0
)
B0s → D
∗0
0 η → D
+pi−η (10−8) 9.37+4.31−2.70(ωB)
+0.67
−0.77(ωDpi)
+0.21
−0.15(aDpi)
+0.43
−0.30(ΓD∗0
0
)
B0s → D
∗0
0 η
′
→ D+pi−η′ (10−7) 1.62+0.65−0.43(ωB)
+0.16
−0.15(ωDpi)
+0.06
−0.05(aDpi)
+0.09
−0.05(ΓD∗0
0
)
B0s → D¯
∗0
0 η → D
−pi+η (10−6) 1.27+0.55−0.39(ωB)
+0.18
−0.20(ωDpi)
+0.04
−0.03(aDpi)
+0.05
−0.04(ΓD∗0
0
)
B0s → D¯
∗0
0 η
′
→ D−pi+η′ (10−6) 2.24+0.93−0.64(ωB)
+0.29
−0.30(ωDpi)
+0.02
−0.04(aDpi)
+0.11
−0.08(ΓD∗0
0
)
ratios in Tables I and II. In Fig. 2, we show the Dpi invariant mass-dependent differential branching fraction for
the quasi-two-body decay B0 → D¯∗00 pi0 → D−pi+pi0. One can find that the main portion of branching fraction for
B0 → D¯∗00 pi0 → D−pi+pi0 comes from the region around the pole mass of the resonant state D∗0 . The contributions
from the mDpi mass region larger than 3 GeV can be neglected safely as argued in Ref. [33].
For the CKM suppressed decay modes B → D∗0pi → Dpipi and Bs → D∗0K¯ → DpiK¯, their branching ratios are
much smaller than the corresponding results of B → D¯∗0pi → Dpipi and Bs → D¯∗0K¯ → DpiK¯ decays as predicted by
PQCD in this work. The major reason comes from the strong CKM suppression factor [51]
RCKM =
∣∣∣∣V ∗ubVcdV ∗cbVud
∣∣∣∣
2
≈ λ4(ρ¯2 + η¯2) ≈ 3× 10−4 . (7)
For the CKM suppressed and CKM favored decay modes concerned in this work, we define the following ratios of the
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FIG. 2: The Dpi invariant mass-dependent differential branching fraction for B0 → D¯∗00 pi
0
→ D−pi+pi0.
branching fractions for the the corresponding decays as
R1 =
B0 → D∗00 pi0 → D+pi−pi0
B0 → D¯∗00 pi0 → D−pi+pi0
≈ 1.83× 10−4 ,
R2 =
B0 → D∗00 η → D+pi−η
B0 → D¯∗00 η → D−pi+η
≈ 1.57× 10−4 ,
R3 =
B0 → D∗00 η′ → D+pi−η′
B0 → D¯∗00 η′ → D−pi+η′
≈ 1.57× 10−4 ,
R4 =
Bs → D∗00 K¯0 → D+pi−K¯0
Bs → D¯∗00 K¯0 → D−pi+K¯0
≈ 1.93× 10−4 ,
R5 =
B+ → D∗00 pi+ → D+pi−pi+
B+ → D¯∗00 pi+ → D−pi+pi+
≈ 1.91× 10−5 . (8)
The ratios R1, R2, R3, and R4 are close to each other, because all four decay pairs in these four ratios decay through
the same colour suppressed emission topologies, and the nonfactorizable diagrams in Fig. 1 play the dominant role.
The nonvanishing charm quark mass in the fermion propagator generates the main differences between the RCKM
and R1,2,3,4. For the decay process B
+ → D¯∗00 pi+ → D−pi+pi+, one has the contributions from both the B → D¯∗00
transition and the B → pi transition, while for B+ → D∗00 pi+ → D+pi−pi+, one has only the colour suppressed
transition B → pi. So it is not surprising to have a quite small value for R5.
Assuming factorization and flavour-SU(3) symmetry, the ratio between the two decays B0 → D∗−0 K+ → D¯0pi−K+
and B0 → D∗−0 pi+ → D¯0pi−pi+ will not very far from 0.076, as discussed in Ref. [33]. The same situation should
happen to the decays B0 → D¯∗00 K0 → D−pi+K0 and B0 → D¯∗00 pi0 → D−pi+pi0. With the PQCD predictions in
Table II, we have
RD¯∗0
0
=
B(B0 → D¯∗00 K0 → D−pi+K0)
2B(B0 → D¯∗00 pi0 → D−pi+pi0)
= 0.091+0.003−0.005 . (9)
The deviation between the RD¯∗00 and ∣∣∣∣VusVud
∣∣∣∣
2
· f
2
K
f2pi
= 0.076 (10)
could be due to the violation of the flavour-SU(3) symmetry and the contributions from annihilation diagrams in the
B0 → D¯∗00 pi0 → D−pi+pi0 process.
The ratio of branching fractions with topologically similar decay processes B0s → D∗+0 K− → D0pi+K− and B0 →
D∗+0 pi
− → D0pi+pi− is expected to be close to 1 in the na¨ıve factorization because of the close values for the B0s → K−
and B0 → pi− transition form factors [53]. With the predictions in Tables II and III, we have
B(B0s → D∗+0 K− → D0pi+K−)
B(B0 → D∗+0 pi− → D0pi+pi−)
= 1.10+0.05−0.02 . (11)
6A similar relation for B0s → D¯∗00 K¯0 → D−pi+K¯0 and B0 → D¯∗00 pi0 → D−pi+pi0 is
B(B0s → D¯∗00 K¯0 → D−pi+K¯0)
2B(B0 → D¯∗00 pi0 → D−pi+pi0)
= 1.03+0.06−0.07 (12)
induced from Tables II and III.
IV. CONCLUSION
We have studied the quasi-two-body decays B(s) → PD∗0 → PDpi, where the bachelor particle P denotes pi, K, η, or
η′ in the PQCD approach. The predicted branching fractions for the considered decays are in the range of 10−9−10−4.
For the decays B → D∗0pi → Dpipi and B → D¯∗0pi → Dpipi as well as Bs → D∗0 → DpiK¯ and Bs → D¯∗0K¯ → DpiK¯, the
great difference in their corresponding branching fractions can be understood by a strong CKM suppression factor
RCKM ≈ λ4(ρ¯2 + η¯2) ≈ 3 × 10−4. The flavour-SU(3) symmetry can be employed to analyse the quasi-two-body
decays with the same topologies, such as B0 → D¯∗00 K0 → D−pi+K0 and B0 → D¯∗00 pi0 → D−pi+pi0, while RD¯∗00
was predicted to be 0.091+0.003−0.005 for their branching ratios. The ratio for the branching fractions was found to be
1.10+0.05−0.02 between B(B0s → D∗+0 K− → D0pi+K−) and B(B0 → D∗+0 pi− → D0pi+pi−) and to be 1.03+0.06−0.07 between
B(B0s → D¯∗00 K¯0 → D−pi+K¯0) and 2B(B0 → D¯∗00 pi0 → D−pi+pi0), which can be tested by the precise data from the
future experiments.
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Appendix: Decay Amplitudes
The amplitudes from Fig. 1 are written as
A(B+ → pi+[D∗00 →]D+pi−) = GF√
2
V ∗ubVcd
{
a2FTP + C2M
′
TP + a1FAD + C1MAD
}
,
A(B+ → pi+[D¯∗00 →]D−pi+) = GF√
2
V ∗cbVud
{
a2FTP + C2MTP + a1FTD + C1MTD
}
,
A(B+ → K+[D∗00 →]D+pi−) = GF√
2
V ∗ubVcs
{
a2FTP + C2M
′
TP + a1FAD + C1MAD
}
,
A(B+ → K+[D¯∗00 →]D−pi+) = GF√
2
V ∗cbVus
{
a2FTP + C2MTP + a1FTD + C1MTD
}
,
A(B+ → pi0[D∗+0 →]D0pi+) = GF2 V ∗ubVcd
{
a1 (FTP − FAD) + C1 (M ′TP −MAD)
}
,
A(B+ → K0[D∗+0 →]D0pi+) = GF√
2
V ∗ubVcs
{
a1FAD + C1MAD
}
,
A(B+ → ηq[D∗+0 →]D0pi+) = GF2 V ∗ubVcd
{
a1(FTP + FAD) + C1(M
′
TP +MAD)
}
,
A(B+ → η[D∗+0 →]D0pi+) = A(B+ → ηq[D∗+0 →]D0pi+) cosφ ,
A(B+ → η′[D∗+0 →]D0pi+) = A(B+ → ηq[D∗+0 →]D0pi+) sinφ ,
A(B0 → pi+[D∗−0 →]D¯0pi−) = GF√
2
V ∗cbVud
{
a2FAP + C2MAP + a1FTD + C1MTD
}
,
A(B0 → pi−[D∗+0 →]D0pi+) = GF√
2
V ∗ubVcd
{
a2FAD + C2MAD + a1FTP + C1M
′
TP
}
,
7A(B0 → K+[D∗−0 →]D¯0pi−) = GF√
2
V ∗cbVus
{
a1FTD + C1MTD
}
,
A(B0 → pi0[D∗00 →]D+pi−) = GF2 V ∗ubVcd
{
a2(FAD − FTP ) + C2 (MAD −M ′TP )
}
,
A(B0 → pi0[D¯∗00 →]D−pi+) = GF2 V ∗cbVud
{
a2(FAP − FTP ) + C2 (MAP −MTP )
}
,
A(B0 → K0[D∗00 →]D+pi−) = GF√
2
V ∗ubVcs
{
a2FTP + C2M
′
TP
}
,
A(B0 → K0[D¯∗00 →]D−pi+) = GF√
2
V ∗cbVus
{
a2FTP + C2MTP
}
,
A(B0 → ηq[D∗00 →]D+pi−) = GF2 V ∗ubVcd
{
a2(FTP + FAD) + C2(M
′
TP +MAD)
}
,
A(B0 → η[D∗00 →]D+pi−) = A(B0 → ηq[D∗00 →]D+pi−) cosφ ,
A(B0 → η′[D∗00 →]D+pi−) = A(B0 → ηq[D∗00 →]D+pi−) sinφ ,
A(B0 → ηq[D¯∗00 →]D−pi+) = GF2 V ∗cbVud
{
a2(FTP + FAP ) + C2(MTP +MAP )
}
,
A(B0 → η[D¯∗00 →]D−pi+) = A(B0 → ηq[D¯∗00 →]D−pi+) cosφ ,
A(B0 → η′[D¯∗00 →]D−pi+) = A(B0 → ηq[D¯∗00 →]D−pi+) sinφ ,
A(B0s → pi+[D∗−0 →]D¯0pi−) = GF√
2
V ∗cbVus
{
a2FAP + C2MAP
}
,
A(B0s → pi−[D∗+0 →]D0pi+) = GF√
2
V ∗ubVcs
{
a2FAD + C2MAD
}
,
A(B0s → K−[D∗+0 →]D0pi+) = GF√
2
V ∗ubVcd
{
a1FTP + C1M
′
TP
}
,
A(B0s → pi0[D∗00 →]D+pi−) = GF2 V ∗ubVcs
{
a2FAD + C2MAD
}
,
A(B0s → pi0[D¯∗00 →]D−pi+) = GF2 V ∗cbVus
{
a2FAP + C2MAP
}
,
A(B0s → K¯0[D∗00 →]D+pi−) = GF√
2
V ∗ubVcd
{
a2FTP + C2M
′
TP
}
,
A(B0s → K¯0[D¯∗00 →]D−pi+) = GF√
2
V ∗cbVud
{
a2FTP + C2MTP
}
,
A(B0s → ηq[D∗00 →]D+pi−) = GF2 V ∗ubVcs
{
a2FAD + C2MAD
}
,
A(B0s → ηs[D∗00 →]D+pi−) = GF√
2
V ∗ubVcs
{
a2FTP + C2M
′
TP
}
,
A(B0s → η[D∗00 →]D+pi−) = A(B0s → ηq[D∗00 →]D+pi−) cosφ−A(B0s → ηs[D∗00 →]D+pi−) sinφ ,
A(B0s → η′[D∗00 →]D+pi−) = A(B0s → ηq[D∗00 →]D+pi−) sinφ+A(B0s → ηs[D∗00 →]D+pi−) cosφ ,
A(B0s → ηq[D¯∗00 →]D−pi+) = GF2 V ∗cbVus
{
a2FAP + C2MAP
}
,
A(B0s → ηs[D¯∗00 →]D−pi+) = GF√
2
V ∗cbVus
{
a2FTP + C2MTP
}
,
A(B0s → η[D¯∗00 →]D−pi+) = A(B0s → ηq[D¯∗00 →]D−pi+) cosφ−A(B0s → ηs[D¯∗00 →]D−pi+) sinφ ,
A(B0s → η′[D¯∗00 →]D−pi+) = A(B0s → ηq[D¯∗00 →]D−pi+) sinφ+A(B0s → ηs[D¯∗00 →]D−pi+) cosφ ,
8where GF is the Fermi constant, V ’s are the CKM matrix elements, C1 and C2 are Wilson coefficients and a1 =
C1/3 + C2 and a2 = C2/3 + C1. The factorization formulas for decay amplitudes from Fig. 1 are collected below:
FTD = 8piCFm
4
BfP
∫
dxBdx3
∫
bBdbBb3db3φB(xB , bB)φDpi(x3, b3, s)(η − 1)
{[√
η(2x3 − 1)− x3 − 1
]
× E1ab(t1a)h1a(xB , x3, bB, b3) + (η + 2√η(rc − 1)− rc)E1ab(t1b)h1b(xB , x3, bB, b3)
}
,
MTD = 32piCFm
4
B/
√
2Nc
∫
dxBdzdx3
∫
bBdbBbdbφB(xB , bB)φDpi(x3, b3, s)φ
A(η − 1)
× { [η (1− x3 − z) + z + xB + x3√η − 1]E1cd(t1c)h1c(xB , z, x3, bB, b)
+ [z (1− η)− xB + x3 (1−√η)]E1cd(t1d)h1d(xB , z, x3, bB, b)
}
,
FAD = 8piCFm
4
BfB
∫
dzdx3
∫
bdbb3db3φDpi(x3, b3, s)
{ [
φA(η − 1)(1− x3)− 2φP (x3 − 2)√ηr0
]
E1ef (t1e)
× h1e(z, x3, b, b3) +
[
(η − 1)[2rc√η + z(η − 1)− η]φA + 2r0√η(η − 1)[z(φP + φT )− φT ]
+ r0(η + 1)(−2√η + rc)φP + r0rc(η − 1)φT
]× E1ef (t1f )h1f (z, x3, b, b3)} ,
MAD = 32piCFm
4
B/
√
2Nc
∫
dxBdzdx3
∫
bBdbBbdbφB(xB , bB)φDpi(x3, b3, s)
{[
(1 − η)z[(η − 1)φA
+
√
ηr0(φ
P + φT )] + xB [(η − 1)φA +√ηr0(φP + φT )] +√η[ηr0(φP + φT )− r0(x3 − 3)φP
+ r0(x3 − 1)φT +√η(η − 1)(1− x3)φA]
]× E1gh(t1g)h1g(xB , z, x3, bB, b)
+
[√
ηr0[(φ
P − φT )(ηz − η − z + xB) + (φP + φT )(x3 − 1)]
+ φA(η2 − 1)(x3 − 1)
]
E1gh(t1h)h1h(xB , z, x3, bB, b)
}
,
FTP = 8piCFm
4
BFDpi(s)
∫
dxBdz
∫
bBdbBbdbφB(xB , bB)
{[
φA(1 − η)(z(η − 1)− 1)
− r0[φP (η + 2(η − 1)z + 1) + φT (η − 1)(2z − 1)]
]
E2ab(t2a)h2a(xB , z, bB, b)
+
[
2r0φ
P (η + ηxB − 1) + (η − 1)ηxBφA
]
E2ab(t2b)× h2b(xB , z, bB, b)
}
,
MTP = 32piCFm
4
B/
√
2Nc
∫
dxBdzdx3
∫
bBdbBb3db3φB(xB , bB)φDpi(x3, b3, s)
{[
(η − 1)((η + 1)(xB + x3 − 1)
− rc√η)φA + r0[z(1− η)(φT − φP ) + (xB + x3)η(φT + φP )− (2η + 4rc√η)φP ]
]
× E2cd(t2c)h2c(xB , z, x3, bB, b3)−
[
(η − 1)z[(η − 1)φA + r0(φP + φT )]
+ (xB − x3)[ηr0(φP − φT ) + (η − 1)φA]
]
E2cd(t2d)h2d(xB , z, x3, bB, b3)
}
,
M ′TP = 32piCFm
4
B/
√
2Nc
∫
dxBdzdx3
∫
bBdbBb3db3φB(xB , bB)φDpi(x3, b3, s)
{[
(1− xB − x3)(1− η2)φA
+ r0[z(1− η)(φT − φP ) + (xB + x3)η(φT + φP )− 2ηφP ]
]
E2cd(t
′
2c)h
′
2c(xB , z, x3, bB, b3)
+
[
(η − 1)[(1− η)z − xB − rc√η + x3]φA − r0z(η − 1)(φP + φT )
+ r0η(xB − x3)(φT − φP )− 4r0rc√ηφP
]× E2cd(t′2d)h′2d(xB , z, x3, bB, b3)} ,
FAP = 8piCFm
4
BfB
∫
dzdx3
∫
bdbb3db3φDpi(x3, b3, s)
{[
(η − 1)[2√ηrc + (η − 1)z + 1]φA
− r0[(η + 1)rc + 2√η(z(η − 1) + 2)]φP + r0(η − 1)(rc + 2√ηz)φT
]
E2ef (t2e)h2e(z, x3, b, b3)
+
[
2
√
ηr0φ
P (−η + x3 + 1)− φA(η − 1)x3
]
E2ef (t2f )h2f (z, x3, b, b3)
}
,
MAP = 32piCFm
4
B/
√
2Nc
∫
dxBdzdx3
∫
bBdbBbdbφB(xB , bB)φDpi(x3, b3, s)
{[
ηφA(1− η)
+
√
η[−ηr0(z − 1)(φP + φT ) + r0(z − 3)φP + r0(z − 1)φT ] + (xB + x3)[(η2 − 1)φA
+ r0
√
η(φT − φP )]]E2gh(t2g)h2g(xB , z, x3, bB, b) + [(1 − η)φA[η(x3 − xB + z − 1)− z + 1]
+ r0
√
η[(η − 1)(z − 1)(φP − φT ) + (x3 − xB)(φP + φT )]
]
E2gh(t2h)h2h(xB , z, x3, bB, b)
}
,
where xB , x3, and z are momentum fractions of the corresponding spectator quarks, as defined in Ref. [33]. bB,
b3, and b are the conjugate variables of transverse momenta PB , P3, and P , respectively. Variable η is defined as
η = m2Dpi/m
2
B. The ratio r0 = m0/mB, where m0 is the chiral mass of light pseudoscalars. rc = mc/mB is the ratio
of the charm quark mass to the B meson mass. The functions E1mn and E2mn(m = a, c, e, g and n = b, d, f, h) are
9the evolution factors, which are given by
E1ab(t) = α(t) exp[−SB(t)− SD(t)], E2ab(t) = α(t) exp[−SB(t)− SP (t)],
E1cd(t) = α(t) exp[−SB(t)− SD(t)− SP (t)]b3=bB , E2cd(t) = α(t) exp[−SB(t)− SD(t)− SP (t)]b=bB ,
E1ef (t) = α(t) exp[−SP (t)− SD(t)], E2ef (t) = E1ef (t),
E1gh(t) = α(t) exp[−SB(t)− SD(t)− SP (t)]b=b3 , E2gh(t) = E1gh(t),
in which Sudakov exponents S(B,D,P )(t) are defined as
SB(t) = s
(xBmB√
2
, bB
)
+ 2
∫ t
1/bB
dµ¯
µ¯
γq(αs(µ¯)) ,
SD(t) = s
(x3mB√
2
, b3
)
+ 2
∫ t
1/b3
dµ¯
µ¯
γq(αs(µ¯)) ,
SP (t) = s
(zmB√
2
, b
)
+ s
( (1− z)mB√
2
, b
)
+ 2
∫ t
1/b
dµ¯
µ¯
γq(αs(µ¯)) ,
where the quark anomalous dimension γq = −αs/pi. The explicit form for s(Q, b) at one loop can be found in [68]. t1x
and t2x(x = a, b · · ·h) are hard scales which are chosen to be the maximum of the virtuality of the internal momentum
transition in the hard amplitudes as
t1a = Max
{
mB
√
x3, 1/bB, 1/b3
}
,
t1b = Max
{
mB
√
x3xB,mB
√
|xB − η + r2c |, 1/bB, 1/b3
}
,
t1c = Max
{
mB
√
x3xB,mB
√
|x3[xB − (1 − η)(1− z)]|, 1/bB, 1/b
}
,
t1d = Max
{
mB
√
x3xB,mB
√
|x3[xB − (1 − η)z]|, 1/bB, 1/b
}
,
t1e = Max
{
mB
√
(1− x3)[(1 − η)z + η],mB
√
1− x3, 1/b3, 1/b
}
,
t1f = Max
{
mB
√
(1− x3)[(1 − η)z + η],mB
√
|η + (1− η)z − r2c |, 1/b3, 1/b
}
,
t1g = Max
{
mB
√
(1− x3)[(1 − η)z + η],mB
√
1− x3[(1− η)(1 − z)− xB], 1/bB, 1/b
}
,
t1h = Max
{
mB
√
(1− x3)[(1 − η)z + η],mB
√
|(1− x3)[xB − η − (1− η)z]|, 1/bB, 1/b
}
,
t2a = Max
{
mB
√
(1− η)z, 1/bB, 1/b
}
,
t2b = Max
{
mB
√
(1− η)xB , 1/bB, 1/b
}
,
t2c = Max
{
mB
√
(1− η)zxB ,mB
√
|r2c − (1− x3 − xB)[(1 − η)z + η]|, 1/bB, 1/b3
}
,
t2d = Max
{
mB
√
(1− η)zxB ,mB
√
(1− η)z|xB − x3|, 1/bB, 1/b3
}
,
t′2c = Max
{
mB
√
(1− η)zxB ,mB
√
|1− x3 − xB|[(1 − η)z + η], 1/bB, 1/b3
}
,
t′2d = Max
{
mB
√
(1− η)zxB ,mB
√
|r2c + (1− η)z(xB − x3)|, 1/bB, 1/b3
}
,
t2e = Max
{
mB
√
(1− η)(1 − z)x3,mB
√
|1− r2c − (1− η)z|, 1/b3, 1/b
}
,
t2f = Max
{
mB
√
(1− η)x3, 1/b3, 1/b
}
,
t2g = Max
{
mB
√
(1− η)(1 − z)x3,mB
√
|[η + (1− η)z](1− x3 − xB)− 1|, 1/bB, 1/b
}
,
t2h = Max
{
mB
√
(1− η)(1 − z)x3,mB
√
|x3 − xB |(1− η)(1 − z), 1/bB, 1/b
}
.
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The hard functions can be written as
h1a(xB , x3, bB, b3) = K0(mB
√
x3xBbB)[K0(mB
√
x3bB)I0(mB
√
x3b3)θ(bB − b3) + (bB ←→ b3)]St(x3),
h1b(xB , x3, bB, b3) = K0(mB
√
x3xBb3)St(xB)
×


[θ(b3 − bB)K0(mB
√
r2c + xB − ηb3)
×I0(mB
√
r2c + xB − ηbB) + (b3 ←→ bB)], r2c + xB ≥ η,
ipi
2 [θ(b3 − bB)H
(1)
0 (mB
√
η − xB − r2cb3)
×J0(mB
√
η − xB − r2cbB) + (b3 ←→ bB)], r2c + xB < η,
h1c(xB , z, x3, bB, b) = [K0(mB
√
x3xBbB)I0(mB
√
x3xBb)θ(bB − b) + (b←→ bB)]
×
{
K0(mB
√
x3[xB − (1− η)(1 − z)]b), xB ≥ (1− η)(1 − z),
ipi
2 H
(1)
0 (mB
√
x3[(1− η)(1 − z)− xB ]b), xB < (1− η)(1 − z),
h1d(xB , z, x3, bB, b) = [K0(mB
√
x3xBbB)I0(mB
√
x3xBb)θ(bB − b) + (b←→ bB)]
×
{
K0(mB
√
x3[xB − (1− η)z]b), xB ≥ (1 − η)z,
ipi
2 H
(1)
0 (mB
√
x3[(1− η)z − xB]b), xB < (1 − η)z,
h1e(z, x3, b, b3) = (
ipi
2
)2H
(1)
0 (mB
√
(1− x3)[η + z(1− η)]b)[H(1)0 (mB
√
1− x3b)
× J0(mB
√
1− x3b3)θ(b − b3) + (b3 ←→ b)]St(x3),
h1f (z, x3, b, b3) =
ipi
2
H
(1)
0 (mB
√
(1− x3)[η + z(1− η)]b3)St(z)
×


[θ(b3 − b)K0(mB
√
r2c − [η + (1− η)z]b3)
×I0(mB
√
r2c − [η + (1− η)z]b) + (b←→ b3)] r2c ≥ η + (1 − η)z,
ipi
2 [θ(b3 − b)H
(1)
0 (mB
√
[η + (1− η)z]− r2cb3)
×J0(mB
√
[η + (1− η)z]− r2cb) + (b←→ b3)] r2c < η + (1 − η)z,
h1g(xB , z, x3, bB, b) =
ipi
2
K0(mB
√
1− x3[(1− z)(1− η)− xB]bB)[H(1)0 (mB
√
(1− x3)[η + z(1− η)]bB)
× J0(mB
√
(1− x3)[η + z(1− η)]b)θ(bB − b) + (b←→ bB)],
h1h(xB , z, x3, bB, b) = [
ipi
2
H
(1)
0 (mB
√
(1− x3)[η + z(1− η)]bB)
× J0(mB
√
(1− x3)[η + z(1− η)]b)θ(bB − b) + (b←→ bB)]
×
{
K0(mB
√
(1− x3)[xB − η − z(1− η)]bB), xB ≥ η + z(1− η),
ipi
2 H
(1)
0 (mB
√
(1 − x3)[−xB + η + z(1− η)]bB), xB < η + z(1− η),
h2a(xB , z, bB, b) = K0(mB
√
(1− η)zxBbB)[K0(mB
√
(1− η)zbB)
× I0(mB
√
(1− η)zb)θ(bB − b) + (b←→ bB)]St(z),
h2b(xB , z, bB, b) = K0(mB
√
(1− η)zxBb)[K0(mB
√
(1− η)xBb)
× I0(mB
√
(1− η)xBbB)θ(b − bB) + (b←→ bB)]St(xB),
h2c(xB, z, x3, bB, b3) = [K0(mB
√
(1− η)zxBbB)I0(mB
√
(1− η)zxBb3)θ(bB − b3) + (b3 ←→ bB)]
×


K0(mB
√
r2c − [η + (1− η)z](1− xB − x3)b3),
r2c ≥ [η + (1− η)z](1− xB − x3),
ipi
2 H
(1)
0 (mB
√
[η + (1− η)z](1− xB − x3)− r2cb3),
r2c < [η + (1− η)z](1− xB − x3),
h2d(xB, z, x3, bB, b3) = [K0(mB
√
(1− η)zxBbB)I0(mB
√
(1− η)zxBb3)θ(bB − b3) + (b3 ←→ bB)]
×
{
K0(mB
√
(1− η)(xB − x3)zb3), xB ≥ x3,
ipi
2 H
(1)
0 (mB
√
(1 − η)(x3 − xB)zb3), xB < x3,
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h′2c(xB , z, x3, bB, b3) = [K0(mB
√
(1− η)zxBbB)I0(mB
√
(1− η)zxBb)θ(bB − b3) + (b3 ←→ bB)]
×
{
K0(mB
√
[η + (1 − η)z](xB + x3 − 1)b3), xB + x3 ≥ 1,
ipi
2 H
(1)
0 (mB
√
[η + (1− η)z](1− xB − x3)b3), xB + x3 < 1,
h′2d(xB , z, x3, bB, b3) = [K0(mB
√
(1− η)zxBbB)I0(mB
√
(1− η)zxBb3)θ(bB − b3) + (b3 ←→ bB)]
×
{
K0(mB
√
r2c + (1− η)(xB − x3)zb3), r2c ≥ (1− η)(x3 − xB)z,
ipi
2 H
(1)
0 (mB
√
(1− η)(x3 − xB)z − r2cb3), r2c < (1− η)(x3 − xB)z,
h2e(z, x3, b, b3) = (
ipi
2
)2H
(1)
0 (mB
√
(1− η)(1 − z)x3b3)[θ(b3 − b)H(1)0 (mB
√
1− (1− η)z − r2cb3)
× J0(mB
√
1− (1 − η)z − r2cb) + (b3 ←→ b)]St(z),
h2f (z, x3, b, b3) = (
ipi
2
)2H
(1)
0 (mB
√
(1− η)(1 − z)x3b)[H(1)0 (mB
√
x3(1− η)b)
× J0(mB
√
x3(1− η)b3)θ(b − b3) + (b←→ b3)]St(x3),
h2g(xB , z, x3, bB, b) =
ipi
2
K0(mB
√
1− (1− xB − x3)[η + z(1− η)]bB)[H(1)0 (mB
√
(1− η)(1 − z)x3bB)
× J0(mB
√
(1 − η)(1− z)x3b)θ(bB − b) + (b←→ bB)],
h2h(xB , z, x3, bB, b) = [
ipi
2
H
(1)
0 (mB
√
(1− η)(1 − z)x3bB)J0(mB
√
(1− η)(1 − z)x3b)θ(bB − b) + (b←→ bB)]
×
{
K0(mB
√
(1− η)(1 − z)(xB − x3)bB), xB ≥ x3,
ipi
2 H
(1)
0 (mB
√
(1− η)(1 − z)(x3 − xB)bB), xB < x3,
where K0, I0, and H0 = J0 + iY0 are Bessel functions. The function St(x) can be parametrized as
St(x) =
21+2cΓ(3/2 + c)√
piΓ(1 + c)
[x(1− x)]c ,
with c = 0.4 for numerical calculation [69, 70].
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